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The development of a magnetic-recording tape 
using chromium dioxide suitable for use with the 
tape drive of the IBM 3480 Magnetic Tape 
Subsystem was found to require careful 
optimization of the chemical and mechanical 
properties of the coating. This paper discusses 
the role of chromium dioxide in the oxidative and 
hydrolytic degradation of the polyester- 
polyurethane binders used in most flexible tape 
coatings, and the subsequent necessity for 
careful binder selection to eliminate (for all 
practical purposes) these degradative effects. In 
addition to the chemical behavior, the paper 
discusses the role of the interaction of the 
chromium dioxide with the binder necessary to 
obtain mechanical performance suitable for the 
3480 tape drive. A high modulus and a relatively 
high glass-transition temperature were found to 
be required to avoid changes in the frictional 
properties of the tape. The incorporation of a 
rough-textured back coat was found to control 
the change in the surface topography of the 
recording surface near the spool hub which 
arises as a result of compressive forces. 
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Introduction 

To continue to increase the density of data storage and data 
rate, elements that are driving digital-recording technology 
[1], there is a migration to higher-coercivity particles to 
provide tapes with improved performance. Chromium 
dioxide particles, which possess the appropriate magnetic 
properties, presented an opportunity for a major 
improvement in tape performance, provided that a 
formulation could be developed that would reduce the 
chemical instability of the particles [2, 3]. This paper 
discusses the effort involved in the formulation of a flexible 
tape containing chromium dioxide and the impact of 
chromium dioxide on the mechanical performance of these 
tapes. 

Study of the chemical performance involved examination 
of the particle-binder interactions and the susceptibility of 
chromium-dioxide tape to chemical and physical changes 
upon exposure to humid or thermal aging. The tribological 
properties and the maintenance of stable surface topography 
required considerable study and optimization of the 
mechanical properties of the magnetic-coating layer. 
Selection of thermomechanically stable formulations and the 
incorporation of a back coat to control the surface 
topography under the compressive stresses to which the tape 
surface is exposed were found to result in a durable magnetic 
tape containing chromium dioxide suitable for the 3480 tape 
drive. 

This paper is divided into two main parts: The first part 
describes studies of the chemical stability, and the second, 
work on the mechanical stability of chromium-dioxide-based 
tape. 
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Chemical stability coated tape or 0. l g of the dried ink in free-film form. The 

Although the chemistry of chromium oxides has received tape sample was extracted by immersion in 1 50 ml of freshly 

considerable study, the investigation of chromium-dioxide distilled tetrahydrofuran (THF) for one to two hours at 22- 
chemistry has been rather limited, with most of the effort 24°C. 

having occurred in the last 20 years [3, 4] despite its After removal of the extract from the insoluble tape 

characterization in 1935 [5], It is noted that chromium residue, the extract was concentrated to 0.5 ml volume by 

dioxide is metastable in air and exists in solution only as evaporation under reduced pressure. The concentrated 

reactive intermediates in the course of oxidation-reduction extract was then filtered through a 0.45-/im filter. The 

reactions [4]. Early patents relevant to the use of chromium evaporation flask was washed with three 0.5-ml rinses of 

dioxide in the manufacture of magnetic tape claimed that a THF and each wash solution filtered through the 0.45-Mm 

surface treatment or stabilization of the chromium-dioxide filter. The concentrated extract and the washes were then- 

particles is required to stabilize the magnetic properties of combined in a 2-ml vial suitable for automatic injection into 
the finished medium [5, 6-8]. Little reference has been a high-pressure gel-permeation-chromatography (GPC) 

made, however, to the impact of this instability on the apparatus. 

integrity of the coating and the chemistry of the binder resin. A Water’s Associates Model 201 high-pressure gel- 
The binders commonly used in the fabrication of flexible permeation-chromatography apparatus using a Water’s 
magnetic tape are elastomeric polyurethanes, polyvinyls, and Associates Model 401 differential refractometer as the 

combinations of these two major families of polymers. Other detector was used to carry out GPC analysis of extracts. A 

polymeric additives are often used to achieve the desired 200-^1 aliquot of the extract was injected using a Water’s 

hardness, flexibility, toughness, and adhesion. Additional Associates Model WISP 71 OB automatic sample injector, 

components such as lubricants, dispersants, and curative Gel-permeation-chromatographic separation of the sample 

agents are also commonly added to the coating formulation. was then carried out through a series of six ®Styragel 
More details of the state of the art in magnetic-tape (trademark of Water’s Associates) columns. The series 

formulations are available in several recent reviews [2, 3, 9]. routinely used consisted of one lO’-nm, two 10^-nm, two 

Chemical analysis of tape samples containing chromium 50-nm, and one 10-nm pore-size columns. THF at a flow 

dioxide in various binder formulations, which had been rate of 1 .0 ml/min was used as the eluant, with a 62-minute 

exposed to thermal and humid aging, indicated changes in interval required for each injection to pass through the 

both the chemical functionality and the molecular weight of column (62 ml total elution volume), 

the polymer. An understanding of the mechanism of the The columns were standardized with 10 polystyrene 

interaction of the chromium dioxide with the binder and of standards (Water’s Associates) ranging in molecular weight 
the resulting changes in the coating performance was from 1 750 000 to 1 200 daltons. In addition to the 

achieved through analysis of solutions and free films of the polystyrene standards, fatty acid esters with molecular 

magnetic inks and from extracts obtained from coated tapes. weights near 450 and 300 daltons were also used to 

Both free films and finished tapes were subjected to high standardize the column set. A third-order fit for the 

temperature and humidity to monitor the effects of these standards gave a 99.87% correlation coefficient with an 

aging environments. estimated error of 6%. 

[GPC results obtained for extracts of tapes are reported as 

• Experimental the amount of binder relative to lubricant and as the 

Coatings were made containing acicular chromium dioxide molecular weight (relative to styrene) for the peak maximum 
and 7 -Fe 203 dispersed into an organic solvent system (M^ of the molecular-weight distribution.) 

containing the polymeric binder. Polyurethane binders 

constructed from 1 ,4-butanediol (as the hard-segment chain • Results and discussion 

extender) and 4,4-diphenylmethane diisocyanate (MDI) with The polyurethane elastomers used as binders for flexible 

three soft segments were used. Resin A contains an alcohol- magnetic tape are composed of segments or blocks of 

terminated polyester as the soft segment, whereas resin B chemically different units. These elastomeric polyurethanes 

was constructed from a polyester containing a hindered contain a flexible, low-melting-temperature portion (soft 

alcohol. An alcohol-terminated polyether was used as the segment) connected to a more rigid, high-melting- 
soft segment in resin C. temperature block (hard segment). Typically, the soft 

All of the coatings contained an equal weight of a fatty segment is composed of a repeating series of ester- or ether- 

acid ester relative to the weight of the polyurethane binder, linked units of relatively short chain lengths. The polyester 

which serves as a lubricant in the finished tape. This soft-segment blocks are formed by the reaction of a 

lubricant was found to serve as a reliable internal standard difunctional carboxylic acid with a difunctional alcohol such 

for the tape extracts, being totally extractable by the that the resulting polymer is terminated primarily with 

204 procedure used. Extraction was carried out using 1 g of alcohol end-groups. The polyether soft segments are 
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constructed through a number of pathways usually involving 
the ring-opening condensation of cyclic ethers to give 
alcohol-terminated, ether-linked polymers, also of relatively 
short chain lengths. 

The effect of changes in the length of the soft segment is 
usually observed as an increase in the elasticity of the 
polyurethane made from the soft-segment polyol by the 
addition of difunctional isocyanate and a variety of chain 
extenders. The structure and chemical composition of the 
soft segment (i.e., polyester or polyether) play a significant 
role in achieving solubility and performance properties, as 
well as dictating the polyurethane’s degradation resistance 
[10-12]. The soft-segment portion of a polyester- or 
polyether-polyurethane, therefore, plays a crucial role in 
defining the behavior of a given polyurethane binder for 
magnetic-tape applications. 

The other block contained in these polyurethane binders 
is the hard-segment portion. These polymer blocks possess a 
markedly different chemical and mechanical behavior 
compared with that exhibited by the soft segments. The hard 
segments are usually constructed from diisocyanates, such as 
4,4'-diphenylmethane diisocyanate (MDI), reacted with 
difunctional alcohols such as 1 ,4-butanediol. The resulting 
polymer consists of urethane-linked units of relatively short 
chain lengths (usually much shorter than the soft-segment 
polyol), which form rigid, high-melting-temperature {2()0'C) 
hard segments [13, 14]. The size and composition of the 
hard-segment blocks have been found to influence the 
hardness, modulus, and flow temperature of the 
polyurethane [10, 1 1, 14, 15]. For tape applications, a 
balance of properties is sought such that the binder is 
adaptable to the requirements of the recording device and 
pigmented coating. 

The polyurethane hard segments associate through strong 
hydrogen bonds and dipole-dipole interactions. This results 
in the observed higher thermal stability of the hard segments 
and their association into domains within the polyester soft- 
segment phase. The separation of the hard segments into 
crystalline domains which are surrounded by an amorphous 
soft-segment phase gives rise to the observed 
thermomechanical properties associated with polyurethane 
elastomers [10]. 

The crystallinity of the soft-segment phase, as well as its 
miscibility with the hard segment, has been found to have a 
significant impact on thermomechanical properties. The 
effect of increased phase miscibility is an increase in the 
softening point of the polyurethane caused by the reduction 
in the interaction between the hard-segment blocks [16]. The 
importance of the phase separation and the disruption of 
phase morphology by the introduction of competitive 
interactions with magnetic metal oxides are important 
observations noted during the study of the chromium- 
dioxide-polyurethane coatings. 

It was anticipated, from previously reported studies on the 


effects of humid aging of magnetic tapes [17-20], that 
changes in the polyurethane would occur as a result of 
exposure to high temperature and humidity for extended 
periods of time. Hydrolysis of polyester-polyurethanes is well 
documented in the chemical literature [21-23] and is found 
to be the primary mechanism responsible for the 
deterioration of magnetic-tape performance after exposure to 
humid aging [17-19]. Hydrolysis involves the cleavage of the 
polyester chain of the soft segments by the addition of water 
to the ester linkages. This reaction produces alcohol and acid 
functional fragments, with a rapid reduction in the 
molecular weight of the parent polymer. The significance of 
such binder degradation to tape performance arises from the 
relationship between the molecular weight of the 
polyurethane and its ability to produce a cohesive film when 
filled with magnetic particles. In addition, as stated in the 
literature, low-molecular-weight products of hydrolytic 
degradation can migrate to the surface of the tape and 
produce contamination of the recording head, with resultant 
deleterious changes in signal quality and frictional properties 
[17, 18]. 

The motivation for the investigation of the impact of 
humid aging on tapes containing chromium dioxide is 
evident from the preceding discussion. Comparison of the 
susceptibility of the polyester- and polyether-polyurethanes 
to humid aging when they are used as binders for chromium 
dioxide was therefore undertaken to assess the archival 
performance of such tapes. A comparison with conventional 
formulations using 7 -Fe 20 j as the magnetic pigment was 
thus carried out to establish a bridge to previous 
investigations [19, 20]. 

The results presented in Figure 1 indicate that exposure to 
elevated temperature and humidity causes only slight or 
negligible changes in the molecular weight of the extractable 
binder for a tape containing y-FcjOj as the magnetic 
pigment. These slight changes may be evidence of hydrolytic 
degradation of the binder or simply the result of adsorptive 
fractionation of the lower-molecular-weight portion of the 
original binder molecular-weight distribution. The lubricant 
peak in the GPC chromatogram, when used as an internal 
standard, suggests that the latter explanation is probably 
operative for the y-FejOj-pigmented tape. The small 
increase in extractable binder with a slightly higher 
molecular weight indicates increased binder extraction after 
humid aging. This result is not evidence of hydrolytic 
degradation. In addition to the apparent failure to detect 
appreciable hydrolytic degradation by GPC analysis of the 
y-Fe^Oj-tape extract, no change in the infrared spectrum of 
the extracted material could be detected. For these iron- 
oxide tapes, little evidence for appreciable hydrolytic 
degradation was noted for tapes exposed to 52°C/30-60% 

RH for periods of several months. 

When chromium dioxide is substituted into the same 
coating formula as was used to construct the y-FcjOj tape 


205 


IBM J. RES. DEVELOP. VOL. 30 NO. 2 MARCH 1986 


R. BRADSHAW ET AL. 


206 



Molecular weight (polystyrene standards) 

Gel-permeation-chromatographic separation of 7 -^ 20 ^ with resin 
A, Curve A: THF solution of resin A with lubricant, without ^-FCjOj; 
Curve B: THF extract of tape before humid aging; Curve C: THF 
extract of tape after humid aging for 21 days at 52°C/30% RH. 



Molecular weight (polystyrene standards) 




Gel-permeation-chromatographic separation of chromium dioxide 
with resin A. Curve A; THF solution of resin A with lubricant, with- 
out chromium dioxide; Curve B: THF extract of tape before humid 
aging; Curve C: THF extract of tape after humid aging for 21 days at 
52°C/30% RH. 


(Fig. 1) with resin A, a significant change in the extractable 
binder is observed (Figure 2). Comparison of the GPC 
chromatograms taken for both tape extracts indicates two 
striking differences. The first difference is that considerably 
more binder is initially insolubilized on the chromium 
dioxide despite similar curative conditions and loadings. 

This result is evidence of the significant difference in the 
wetting interaction of the two pigments with the same 
polyester-polyurethane. 

The other difference observed in the results is the 
significant reduction in the molecular weight of the extracted 
binder after exposure to aging at 52°C/30% RH for 2 1 days. 
The decrease in molecular weight from 120000 to 17000 
daltons is dramatic. In contrast to the results obtained for 
the y-FcjOj-pigmented tape, the amount of extractable, low- 
molecular-weight material cannot be attributed to 
fractionation of the initial polyurethane. The ratio of 
extractable binder present in the chromium-dioxide-resin A 
tape relative to the lubricant as measured with the GPC (by 
peak area ratio) was found to be less than 3.3 initially and 
increased to 4.4 after exposure to humid aging. The apparent 
decrease in the molecular weight of the extractable binder, 
accompanied by an increased amount of extractable binder, 
is believed to be strong evidenee for hydrolytic degradation 
of the polyester segments rather than nondegradative 
fractionation of the binder, as is believed to be the case for 
the iron-oxide tape. 

Freshly prepared chromium-oxide-resin A tape subjected 
to 52°C/30% RH for 10-14 days was found to give the same 
level of degradation as that obtained after one year of 
ambient storage. In addition, the low-molecular-weight 
fragments were found to migrate to the tape surface, leading 
to a substantial change in the frictional properties of the 
tape. 

The unaged chromium-dioxide tape performed 
satisfactorily on a conventional digital-recording tape drive. 
The same tape, after exposure to 42°C/20% RH for 29 days, 
still performed at an acceptable level, but an audible noise 
was detected by the operator during tape motion, indicating 
some change in the ease of the unwinding of the tape from 
the reel. Another reel of the same tapie, after exposure to 
52°C/30% RH for 48 days, not only produced the audible 
noise during tape motion, but upon stop-start operations 
produced adhesion of the tape to the recording head and 
failure of the drive to move the tape on command. 
Additional aging at 52°C/30% RH for 82 days produced a 
severely degraded tape which could not be moved through 
the tape path nor readily unwound from the reel. 

Examination of the recording head after running such 
degraded tape over the surface showed considerable tacky 
contamination, which was identified by mass spectrometry 
as consisting primarily of polyester fragments. Considerably 
fewer of the mass spectral ions associated with the 
polyurethane hard segments were observed in the mass 


R. BRADSHAW ET AL. 


IBM J. RES. DEVELOP. VOL. 30 NO. 2 MARCH 1986 


spectra of the head contamination resulting from these 
degraded tape tests than were found present in either the 
undegraded binder or the extracts of the degraded tape. 
Presumably, the polyurethane fragments produced by 
hydrolytic degradation of the soft segments, although present 
in the THF extracts of the tape, do not migrate to the tape 
surface as readily as the low-molecular-weight, polyester-rich 
degradation fragments. 

To stabilize the recording performance of chromium- 
dioxide tapes, the mechanism of degradation, apparently 
catalyzed by the chromium dioxide, was investigated. 
Degradation of resin A when combined with chromium 
dioxide was found to be accelerated with higher-temperature 
storage at a given humidity and at higher humidity for a 
given temperature. These observations are represented 
graphically in Figures 3 and 4. No change in the molecular 
weight of the extracted binder, attributable to hydrolytic 
degradation, was noted for the tape stored under dry 
conditions. The decrease in the amount of extractable binder 
(Fig. 4) observed for the tape stored at 52'’C in a desiccator 
could be convincingly accounted for as simple fractionation 
of the polymer, with the lower-molecular-weight fraction 
requiring the longest thermal aging to become insolubilized 
in the coating. 

Because no apparent degradation could be detected for 
tapes aged under dry conditions, we concluded that water is 
required to obtain the scission of the polyester linkages. Such 
hydrolytic degradation of polyester-polyurethanes is well 
documented in the chemical literature [21-23]. 

From a survey of the relevant literature, potential 
improvements in the resistance of the polyester-polyurethane 
to hydrolytic degradation could be anticipated from the 
incorporation of a carbodiimide stabilizer [21, 23], the use of 
polyethers [23, 24], or the selection of more hydrolytically 
stable polyesters [21, 24]. All of these potential remedies 
were investigated. 

Because acid-catalyzed hydrolysis of the polyester has been 
shown to increase the rate of polyester-polyurethane 
degradation [21, 23], the use of acid-scavengers such as 
polymeric carbodiimides has been found to be a useful 
method of stabilization [21, 23]. When 2 % (relative to the 
weight of polyester-polyurethane) of a polymeric 
carbodiimide was added to a resin A-chromium dioxide 
formulation, however, no appreciable inhibition of the 
polyester-polyurethane degradation was noted (Figure 5). 
This result appears to contradict the experience reported in 
the literature [21, 23]. It is relevant to note, however, that 
the prior work involving the use of such stabilizers studied 
unfilled free films and that the present study is attempting to 
characterize a highly filled system. In fact, the majority of 
the free films studied in this work are loaded very near to the 
critical pigment-volume concentration (CPVC) with a hard, 
reactive, acicular particle. It therefore is reasonable to 
interpret the inability of the carbodiimide to stabilize 



Days of storage 




( Change in the molecular weight of the extractable binder for the 
chromium-dioxide-resin A tape; effect of storage under different 
I environmental conditions. 



Days of storage 


Figure 4 


I Change in the amount of extractable biniier relative to the lubricant 
I for the chromium-dioxide- resin A tape; effect of storage under dif- 
I ferent environmental conditions. 


polyester-polyurethane binder hydrolysis in such a filled 
system as being further evidence of the strength of the 
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500K 45K 13K 4.4K 1.4K 480 140 

120K 24K 7.3K 2.5K 780 250 80 


Molecular weight (poivstvrene standards) 


Figure 5 


Gel-permeation-chromatographic separation of chromium-diox- 
ide-resin A tape containing carbodiimide stabilizer. Curve A: THF 
extract of unstabilized tape before humid aging; Curve B: THF 
extract of unstabilized tape after 21 days at 52‘’C/30% RH; Curve C: 
THF extract of stabilized tape before humid aging; Curve D; THF 
extract of stabilized tape after 21 days at 52°C/30% RH. 


extremely broad distribution, with its peak maximum near 
8200 daltons. The amount of extractable material, 
furthermore, was extremely large and actually exceeded the 
initial ratio of the binder relative to the lubricant, as 
measured by the differential-refractometer detector. This 
presumably results from a significant change in the refractive 
index of the fragments relative to the initial polymer. 

The results obtained for the extract of the aged tape (Fig. 

6) indicate that the humid aging increased the degradation of 
the polyether-polyurethane, but the significant observation to 
be derived is the apparent sensitivity of the polyether- 
polyurethane to the addition of chromium dioxide. Because 
the degradation is observed to occur without the 
environmental exposure, hydrolytic degradation does not 
appear to offer a reasonable explanation of the observed 
changes in the polyether-polyurethane in the presence of 
chromium dioxide. Oxidative chain scission of the polyether 
portion of the polymer occurs for these polyurethanes, giving 
rise to low-molecular-weight products and rapid 
deterioration of tape performance. 

From the preceding discussion, it appears that stabilizers 
and polyether-polyurethanes might not offer a suitable 
solution to the apparent binder degradation induced by 
chromium dioxide. As a result, a hydrolytically stable 
polyester-polyurethane was sought as a potential solution to 
the binder degradation. 


interactions of the urethane polar groups with the 
chromium-dioxide surface. This conceptualization leads to 
the suspicion that the tenacious adsorption of the 
polyurethane to the chromium-dioxide surface might 
preclude the effectiveness of a stabilizing additive in 
mitigating the chromium-dioxide-catalyzed degradation of 
the polyester portions of the binder. 

The substitution of a thermoplastic polyether- 
polyurethane was expected to offer a more fruitful resolution 
to the binder degradation associated with formulations based 
on chromium dioxide because their resistance to hydrolysis 
is well documented [21, 24]. When a polyether-polyurethane 
(resin C) was substituted into the chromium-dioxide 
formulation, however, quite the reverse was observed (Figure 
6). The amount of extractable binder of such low molecular 
weight prior to humid aging was unexpected. Examination 
of the GPC results obtained for the polyether-polyurethane 
before milling with the chromium dioxide indicated a 
narrow molecular-weight distribution with a peak maximum 
at 120000 daltons. The extract obtained from the 
chromium-dioxide-resin C tape before aging gives an 
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500K 45K 13K 4.4K I.4K 480 140 

I20K 24K 7.3K 2.5K 780 250 80 

Molecular weight (polystyrene standards) 


Gcl-permeation-chromalographic separation of chromium- 
dixoide-rcsin C tape. Curve A: polyether molecular weight distribu- 
tion before addition to chromium dioxide; Curve B; THF extract of 
tiipe before humid aging; Curve C: THF extract of tape after 21 days at 
.‘>2°C/30% RH. 
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The exceptional hydrolytic stability of a polyester- 
polyurethane containing sterically hindered alcohols in the 
polyester of the soft-segment phase was noted in the early 
work of Schollenberger [21]. As a result, a chromium- 
dioxide formulation using a polyester-polyurethane 
composed of such a hindered alcohol ester as the soft 
segment was investigated (resin B). 

GPC analyses of the THF extracts obtained for the 
chromium-dioxide-resin B tape after exposure to humid 
aging, presented in Figure 7, indicate the relatively slow rate 
of hydrolytic degradation exhibited by this polyester- 
polyurethane. 

The GPC results shown in Fig. 7 indicate a surprising 
effect, which was noted for the chromium-dioxide-resin B 
tape extracts. Initially, humid aging at 52°C produces 
extractable binder that can be readily ascribed to 
fractionation of the initial molecular-weight distribution of 
the polymer rather than to hydrolytic degradation. 

Continued exposure to humid aging past the first few weeks 
at this environment then begins to liberate increased 
amounts of low-molecular-weight material. This is presumed 
to indicate the presence of competitive processes that are 
operative during the thermal and humid aging of the 
coating. 

The initial drop in the molecular weight of the THF- 
extracted binder is readily accounted for by insolubilization 
of the polyester-polyurethane on the surface of the 
chromium-dioxide particle. Indeed, as indicated by the 
DMA data for such environmentally aged tape, which is 
discussed below (see also Fig. 14, shown later), the increased 
insolubilization of the polymeric binder on the particle is 
indicated by an increase in modulus during the first few 
weeks of aging. This would be expected for a reinforced 
material where thermally induced interactions leading to 
increased adsorption of the binder on the filler particles take 
place [25, 26], It is reasonable, therefore, to ascribe the initial 
decrease in the molecular weight of the extractable binder to 
the fractionation of the polyester-polyurethane rather than to 
hydrolytic degradation. 

Continued exposure to humid aging is then observed to 
give an increased amount of extractable binder with a 
decrease in molecular weight, as indicated in the GPC results 
presented in Fig. 7, Curve D. This result is believed to be a 
consequence of the competition between water vapor and 
the urethane polar groups for the adsorption sites on the 
surface of the chromium-dioxide particle. As the water 
successfully infiltrates the urethane-particle interface, 
disruption of previously insolubilized binder occurs, 
resulting in the marked increase in the extractable material. 
That this explanation is appropriate is further demonstrated 
by the results obtained after exposure to dry thermal aging 
(Figure 8). 

The results presented in Fig. 8 were obtained by placing a 
chromium-dioxide-resin B tape into a desiccator at 52°C for 



Molecular weight (polystyrene standards) 


A, irsii* 

I Gel-permeation-chromatographic separation of chromium-diox- 
J ide-resin B tape extracts: Curve A: THF extract of tape before 
I thermal aging; Curve B: THF extract after three days at 52°C/60% 
I RH; Curve C: 21 days at 52°C/60% RH; Curve D: 36 days at 
I 52°C/60% RH; and Curve E: 60 days at 52^/60% RH. 




Molecular weight (polystyrene standards) 


Gel-permeation-chromatographic separation of chromium-diox- 
ide-resin B tape extracts. Curve A: THF extract of tape before 
thermal aging; Curve B; THF extract after three days at 52°C; 
Curve C: 21 days at 52°C (dry); Curve D: 36 days at 52°C (dry); and 
Curve E; 60 days at 52°C (dry). 


periods up to 60 days. The THF extracts of this sample 
produced the series of GPC chromatograms shown. The 
extract concentrations were adjusted to an equivalent 
amount and gave reproducible peak heights for the lubricant 
peak, thus permitting the superposition of the series of traces 
to give what is readily seen as a continuous fractionation. As 
dry thermal exposure is continued, the urethane 
insolubilization increases, with the lower-molecular-weight 
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fraction remaining soluble for the longest period. This 
presumably arises from the fact that more adsorption sites 
are present for the higher-molecular-weight polymer chains, 
which must subsequently be disrupted by the extraction 
solvent to effect solubilization. The shorter chains, having 
fewer polar sites capable of being tightly held on the particle 
surface, remain relatively soluble. 

Comparison of the results obtained after humid thermal 
aging with those obtained for a similar tape exposed to dry 
thermal aging (Figs. 7 and 8) indicates that for the 
chromium-dioxide-resin B formulation the primary action 
during the initial aging period is the insolubilization of the 
binder and an increase in the cohesive integrity of the 
coating, as shown by its dynamic mechanical analysis 
(DMA) response (Fig. 14). These results, as well as those 
obtained at various temperatures and humidities, 
demonstrated that the improved hydrolytic stability gained 
by the inclusion of the hindered alcohol-ester into the soft 
segment of the polyester-polyurethane dramatically 
improved the chemical and mechanical stabilities of the 
chromium-dioxide formulation. 

The impact of humidity on the performance of the 
coating, furthermore, was found to be significantly reduced, 
although not eliminated. We noted, moreover, that even 
upon severe degradation of resin B after exposure to 72°C/ 
60% RH for 140 days, some of the apparent reduction in the 
molecular weight of the extractable material could be 
ascribed to fractionation of the molecular-weight distribution 
of the original polyester-polyurethane, rather than to 
hydrolytic degradation of the polyester. This is not to say 
that the extractable degradation products did not display 
evidence of oxidation or hydrolysis, only that the extent to 
which hydrolysis had an impact on the binder integrity had 
been dramatically reduced, such that no impact on 
functional performance was detectable in the final tape, even 
under extreme use conditions. 

It appears that a resolution to the binder degradation 
imposed on magnetic-tape coatings containing chromium 
dioxide has been successfully obtained. The hydrolytic 
stability of the polymeric binder has been significantly 
improved by the use of a hydrolytically stable polyester- 
polyurethane. 

Mechanical stability 

As mentioned previously, when higher recording densities 
are achieved, the mechanical properties of the tape surface 
become increasingly important. The stability of both the 
recording {jerformance and the frictional properties depends 
to a large extent on the stability of the mechanical 
characteristics of the tape surface. The exceptionally smooth 
finishes required on the tape and the recording-head surfaces 
can lead to undesirably high friction values. Changes in the 
characteristics of the tape surface also lead to changes in the 
recording characteristics, particularly to changes in 


amplitude, and to changes in frictional performance. The 
frictional forces can become catastrophically high if the tape 
surface takes on the extreme smoothness of the base film 
under the interlayer pressures encountered when the tape is 
wound on a reel. 

The frictional force in elastomeric systems consists of 
contributions from adhesion forces and hysteresis forces. 

The hysteresis term in viscoelastic (rubbery) materials is 
caused by a delayed recovery of the elastomer after 
indentation by an asperity. The adhesion term is a result of 
the shearing of adhesive bonds formed at the interface in the 
region of the real area of contact. For magnetic-tape 
applications using polyurethane binders and operating under 
normal conditions, the adhesion component of friction is the 
most significant; the hysteresis component is negligible [27]. 

The adhesion component of friction (/]^) is defined as the 
product of the real area of contact and the shear strength 

of adhesion (tJ between the contacting surfaces, 

( 1 ) 

The real area of contact for elastic contacts (true for light 
loads) is given by 

~ (2) 

and for plastic contacts, 

A, ~ W/H, (3) 

where W is the normal load, is the reduced complex 
modulus, H is the indentation hardness, and and dp are 
the composite standard deviation and mean radius of 
curvature of the upper 25% of the asperity contacts, 
respectively [27]. 

For most tape contacts in magnetic-tape drives, the 
asperity contacts are elastic. For elastic contacts, the real area 
of contact depends on the complex modulus and surface 
topography; the coefficient of friction depends on the shear 
strength at the interface of contacting asperities. The 
mechanical-property values used in these friction 
calculations must be obtained at appropriate rates of 
deformation and shear-strain [27]. 

The response of a given tape to applied stresses is 
determined by these and other mechanical properties of the 
magnetic coating and the substrate beneath it. Given 
sufficient time, a compressive stress can lead to a dramatic 
increase in the real area of contact and a resultant increase 
in friction [28]. The mechanical projjerties of the binder 
system may also be altered by exposure of the tape to high 
temperature, humidity, or both [29]. 

When the creep-deformation rate is unduly high, large 
areas of real contact can be developed in relatively short 
periods of time, resulting in high frictional forces. Creep- 
deformation rates may be influenced by pressure, 
temperature, and relative humidity. The interlayer pressure 
in a wound reel is highest near the hub. Therefore, it can be 
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expected that any changes in the surface characteristics will 
be greatest near the hub, particularly if the coated surface is 
pressed against an extremely smooth substrate surface. 

• Experimental results and discussions 
The interlayer radial pressures in the 3480 data cartridge 
were measured by inserting shims between the layers of tape 
during winding at a wind tension of 2.2 N. The shims were 
removed using an Instron force-measuring device. The pull 
force required to remove the shim was then calibrated to the 
interlayer pressures using multiple layers of tape between 
blocks with known clamping forces. The results are shown in 
Figure 9. Near the hub, interlayer pressures were measured 
to be approximately 1.7 MPa. 

A number of tapes made by various tape manufacturers 
were wound on the 3480 reels. Stress conditions for 
measuring changes related to creep deformation were 
selected to be 52°C and 60% relative humidity. Tapes were 
wound on the reels at 2.2 N of tension. Frictional 
measurements were then taken at selected intervals in the 
reel from the beginning of tape (BOT) to the end of tape 
(EOT) near the hub. Initially, measurements were made 
before the wound reels were subjected to the elevated 
temperature and humidity conditions, and then they were 
repeated after two-day stress periods. The measurements 
were made at 32°C and 87% RH. Tapes were conditioned to 
the test environment for 24 hours before being measured. 
Measurements were made on a model of the 3480 tape path. 
Because creep deformation caused by interlayer pressures is 
greatest at EOT, only EOT frictional measurements are 



R/R^ 


Interlayer radial pressures as a function of normalized radial position 
in the reel, at a wind tension of 2.2 N. 


reported. The frictional measurements consisted of locating 
the end of tape at the head, relieving tension, and manually 
pulling the tape under initial tension of about 0.5 N 
provided by the drive motor. The breakaway force required 
to pull the tape was measured by a tensilometer. The wrap 
angle of the head was about 1 5°. The results are shown in 
Table 1. The effect of creep deformation caused by 
increasing interlayer pressures (decreasing radial reel 


Table 1 Static friction at end of tape for different tapes (stressed at 52’C and 60% RH. in time); tension (T^) = 0.5 N, wrap angle = 15°. 


Tape no. Friction (A tension) with stress time 

(g) 



0 days 

2 days 

4 days 

6 days 

8 days 

18 days 

22 days 

1 

0.55 

0.55 

0.55 

0.55 

0.55 

0.55 

0.55 

2 

0.55 

>3.4 

— 

— 

— 

— 

— 

3 

0.55 

>3.4 

— 

— 

— 

— 

— 

4 

0.55 

>3.4 

— 

— 

— 

— 

— 

5 

0.60 

0.65 

0.60 

0.60 

0.60 

0.65 

0.60 

6 

0.50 

0.95 

1.9 

2.5 

>3.4 

— 

— 

7 

0.55 

>3.4 

— 

— 

— 

— 

— 

8 

0.55 

0.85 

1.0 

1.4 

1.9 

2.2 

2.7 

9 

0.50 

0.50 

0.55 

0.50 

0.50 

0.55 

0.50 

10 

0.50 

0.55 

0.50 

0.50 

0.55 

0.50 

0.55 

11 

0.50 

0.50 

0.50 

0.55 

0.50 

0.50 

0.50 

12 

0.55 

>3.4 

— 

— 

— 

— 

— 

13 

0.60 

0.65 

1.2 

1.3 

1.6 

1.7 

1.8 

14 

0.55 

1.6 

2.2 

>3.4 

— 

— 

— 

15 

0.50 

0.55 

0.50 

0.55 

0.55 

0.50 

0.50 

16 

0.45 

0.60 

0.95 

l.l 

1.2 

1.7 

2.0 

17 

0.45 

0.45 

0.40 

0.45 

0.45 

0.50 

0.50 

18 

0.50 

0.45 

0.50 

0.50 

0.55 

0.50 

0.50 

19 

0.55 

0.95 

1.0 

1.2 

1.3 

1.4 

1.6 

20 

0.60 

1.2 

1.6 

1.9 

2.2 

>3.4 

— 
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Tape 1 (back-coated): 

% after 22 days at 52®C/60% RH 

Tape 2 (non-back-coated) 

A initial 

O after 2 days at 52*C/60% RH 



1.0 1.2 1.4 1.6 1.8 2.0 


Effect of increasing friction as a function of normalized radial 
t position in the reel. 




position) for tape 2 after two days at 52°C and 60% RH is 
shown in Figure 10. 

Of the original tapes used in the experiment, the ones that 
showed the most stable frictional properties were 1, 5, 9, 10, 
11, 15, 17, and 18. All of these eight tapes were back-coated, 
except for tapes 15 and 17. The binder systems of these two 
tapes contained a hard, organic polymer additive in 
significant ratios to the base polyurethane binder. 

These results led to another experiment, in which identical 
coatings were applied to substrates of increasing smoothness. 
The same high-temperature and relative-humidity conditions 
and measurement intervals were used. Four substrates with 
varying smoothnesses were selected. By varying the surface 
smoothness, the friction could be varied from 0.5 to above 5 
N. The experiments showed the important role that the 
surface finish of the substrate plays in influencing the forces 
developed by creep deformation. 

Creep deformation of the tape surface under pressure, 
accelerated by elevated temperature and humidity, appeared 
to be the operative rationalization for the changes in 
frictional properties resulting from storage under these 
conditions. Final confirmation of this mechanism for 
increased real areas of contact was shown by an experiment 
in which tapes with identical coatings were subjected to 
environmental stressing at 52°C and 60% RH. One of the 
tapes was back-coated and the other two were not. The back- 


coated tape and one of the tapes without a back coat were 
wound on a 3480 cartridge reel under 2.2 N of tension. The 
remaining tape that was not back-coated was subjected to 
the same environment but under zero interlayer pressure 
conditions. Normal tension was reestablished before 
measurement, and the results are shown in Figure 11. Of the 
two tapes wound at 2.2 N of tension, the tape without back- 
coating showed high frictional results after this 
environmental exposure, whereas the back-coated tape 
maintained its low frictional properties. The tape wound at 
zero tension maintained its low frictional properties. 

Dynamic mechanical analysis (DMA) was performed on 
free films of the chromium-dioxide-polyester-polyurethane 
formulations using a du Pont DMA Model 98 1 with heating 
rate of 10°C per minute. The details of the DMA 
investigation are reported elsewhere [27, 28]. In general, the 
motivation for the DMA study of the chromium-dioxide 
formulations was rooted in the observation that the frictional 
properties of various tape formulations appeared to be highly 
dependent on their previous thermal and stress histories. As 
shown in Figure 12, the frictional properties of various tapes 
subjected to aging at 52°C under compressive stresses were 
found to depend significantly on the complex modulus, as 
measured by DMA at the stress temperature. Despite various 
other factors, such as changes in binder composition, 
loading, cure conditions, initial surface roughness, and 
method of dispersion, stable frictional behavior was 
exhibited only by those tapes that displayed a complex 
modulus greater than 1.2- 1.5 GPa at 52°C. 


Tape 2 (non-back-coated; EOT) 


3 


Tape I (back-coated; EOT) 


Tape 2 (non-back-coated; zero pressure) 


15 20 


Number of days 


Static friction as a function of aging at 52®C/60% RH. 
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Complex modulus of coating at 52*C (GPa) 


3.0 




2.5 


2.0j 


1.5 


1.0 


0.5 



I 1 I I I II I 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 


Static friction (N) 


Frictional properties of tapes having different chromium-dioxide for- 
mulations (the data points) after aging at 52'’C; depicted in terms of 
associated values of complex modulus and static friction. 


Measurement of the dependence of the coefficient of 
friction on temperature, furthermore, revealed a noticeable 
inflection temperature which corresponded reasonably with 
the temperature observed in the modulus curves obtained by 
DMA (Figure 13). These observations suggested that at a 
temperature dictated by the thermomechanical properties of 
the coatings, the real area of contact between the tape 
asperities and the mating tape-drive surfaces can undergo a 
rapid increase under an applied stress. The stresses to which 
the asperities are exposed presumably determine the critical 
modulus at which compression of the asperities begins to 
become appreciable. After the critical temperature (modulus) 
is exceeded, the coefficient of friction is found to increase 
dramatically (Fig. 13). 

As we noted earlier, the polyester-polyurethane binders 
have been found to exhibit considerable interaction with the 
chromium-dioxide particles. Aside from the degradative 
effects already discussed, the polyurethane binders have been 
found to display a marked sensitivity to their thermal and 
environmental histories [29]. As shown in Figure 14, when a 
free film of chromium-dioxide formulation is exposed to 
humid thermal aging, the modulus is found to increase 
significantly. This appears to be the result of thermally 
induced phase separation permitting greater wetting 
interactions with the chromium-dioxide particle. Such effects 
from thermal aging are not unusual for filled coatings. 
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Figure 13 


Temperature dependence of the complex modulus of chromium- 
dioxide-resin B tape (a) and of its coefficient of friction (b). 












y 


Dynamic mechanical analysis of chromium-dioxide-resin B free 
films; effect of humid and thermal aging on bulk mechanical proper- 
ties: (a) complex modulus vs. temperature; (b) tan 8 vs. temperature. 



R, BRADSHAW ET AL. 


214 


Table 2 Static friction at end of tape for various head 
modifications using the same tape (with high frictional properties). 
Tension ~0.5 N; wrap angle = 1 5°. 


Head 

modification 

Surface roughness 
(center line average) 

(Mm) 

Friction (A tension) 
at EOT 
(N) 

Standard 

0.005 

2.0 

Hame-sprayed 

0.15 

1.6 

Chrome-plated 

0.52 

1.3 

Sand-blasted 

0.660 

1.1 


especially for those involving strong polar-bond interactions 
[25, 26]. 

The increase in the modulus of the coating after thermal 
aging suggests that a tape subjected to such aging without 
smoothening compressive forces should exhibit increased 
stability in its frictional performance as a result of the 
increased modulus. This was found to be the case for the 
experiment discussed before, in which a set of tapes was 
exposed to humid thermal aging. One of the tapes was 
subjected to compressive stresses and was found to exhibit a 
marked increase in frictional properties, especially near the 
reel hub, where the compressive forces are greatest. Another 
tape, which had been stored without any applied 
compressive force, was found to exhibit normal frictional 
behavior. When this thermally aged, low-friction tape was 
returned to the humid aging environment, with the 
compressive forces renewed, the effect of the increased 
modulus during the first environmental cycle was marked. 
Only a slight change in the frictional properties near the hub 
was measured. This result provided convincing evidence of 
the importance of the modulus of the coating in maintaining 
the frictional performance of the tape. 

Methods for modifying the frictional forces at the head-to- 
tajje interface were also investigated. One method was to 
reduce the contact area of the head. This approach is 
somewhat counterproductive, because a reduction in the 
apparent contact area results in a proportional increase in 
the pressures generated at the now lessened areas of real 
contact. Also, higher recording densities dictate that the 
head-to-tape separation be minimal. Table 2 shows the 
results of many head-modification experiments. 

Another method for modifying the frictional forces at the 
head-to-tape interface is through careful control of the 
surface topography of the tape. As seen from previous 
discussions and experimental results, this method can be 
frustrated by the time-dependent creep-deformation 
characteristics of the tape surface. 

The most effective surface-topography control techniques 
for magnetic tape appear to be tbe addition of a rougher 
(0.063-0.075 Mm rms) back coat or the use of a binder 
system with a large complex modulus. Although back-coated 
tape is commonly used for magnetic tape, its use to control 


surface topography is not usually claimed. Generally, back- 
coating is claimed to control migration of contaminants out 
of the substrate [30] and static buildup in the tape path [31]. 
The experimental data (Table 1, tapes 1, 5, 8, 10, 11, and 
1 8) show the effectiveness of the back coat in controlling 
surface-topography changes under the pressures encountered 
in a wound reel. The back coating reduces the high localized 
pressures encountered at the asperity contact points. 
Deformation caused by creep is controlled by the surface 
characteristics of the back coat, which, in turn, maintains the 
frictional characteristics of the recording surface. 

Control of the complex modulus is somewhat more 
difficult but can be accomplished by careful design of the 
binder system. Both the inclusion of hard, glassy polymers 
and the tailoring of a single polymer are effective in 
controlling the creep-deformation rate. The binder system 
and resultant modulus must be designed around the “use” 
temperature of the tape product. This ensures the stability of 
the tape surface and thus maintains its frictional 
characteristics without substantial risk of disturbing other 
performance requirements, such as abrasion resistance and 
head wear. 


Conclusions 

The magnetic particles of chromium dioxide possess 
inherently attractive properties for use in digital magnetic 
recording. The implementation of conventional 
polyurethane-binder technology with chromium-dioxide 
formulations, however, necessitated more consideration of 
the particle-binder interactions than was necessary for other 
magnetic-particle systems. The chemical and mechanical 
stabilities of the finished coating were found to require 
specific chemical properties in the binder for formulations 
based on chromium dioxide. 

Oxidative reactions at the binder-chromium-dioxide 
interface affecting the functionality of the polyurethane hard 
segments were not found to produce a deleterious effect on 
tape performance. Hydrolytic degradation of the polyester 
soft segments, however, was found to be accelerated by the 
interaction with the chromium-dioxide particles and had an 
impact on the mechanical performance of the tape upon 
exposure to humid aging. A hydrolytically stable polyester- 
polyurethane was found to offer a significant improvement 
in the resistance of the coating to binder degradation. 

Careful control of the mechanical properties and 
maintenance of a stable surface topography were found to be 
necessary for acceptable tape p)erformance. The deformation 
of the coating under compressive stresses was found to 
require consideration of the modulus of the coating at the 
applied stress conditions and of the control of the surface 
topography and frictional properties of the coating. 

Additional improvements are to be anticipated as a result 
of continuing studies of the complex interactions involved in 
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magnetic-coating formulation for flexible magnetic tape. 
Current knowledge has permitted the manufacture of a tape 
containing chromium dioxide that has significantly 
improved chemical and mechanical performance, even 
under extreme environmental conditions. The insights 
obtained from this effort promise to provide the technology 
necessary to satisfy the demands of the digital-recording 
industry for particulate media using chromium dioxide well 
into the future. 


References 

1. F. Jorgensen, “Magnetic Tapes and Disks,” The Complete 
Handbook of Magnetic Recording, TAG Books Inc., Blue Ridge 
Summit, PA, 1980, pp. 185-231. 

2. S. Tochihara, “Magnetic Coatings and Their Applications in 
Japan,” Prog. Org. Coat. 10, 195-204 (1982). 

3. A. S. Hoagland, “Trends and Projections in Magnetic Recording 
Storage on Particulate Media,” IEEE Trans. Magnetics MAG- 
16, 26-29 (1980). 

4. J. C. Bailar, H. J. Emeleus, R. Nyholm, and A. F. Trotman- 
Dickenson, Comprehensive Inorganic Chemistry, Pergamon 
Press, Oxford, England, 1973, pp. 689-690. 

5. A. Michel and J. Benard, “Ferromagnetic Oxide of Chromium,” 
Compt. Rend. Acad. Sci. 200, 1316-1318 (1935). 

6. W. G. Bottjer and H. G. Ingersoll, “Stabilized Ferromagnetic 
Chromium Dioxide,” U.S. Patent 3,512,930, 1970. 

7. BASF, A. G., “Stabilization of Chromium Dioxide Magnetic 
Pigments,” British Patent 1,527,760, 1975. 

8. BASF, A. G., “Stabilization of Chromium Dioxide Magnetic 
Pigments,” German Patent 2,617,809, 1977. 

9. K. W. Kreiselmaier, “Pigmentation in Magnetic Tapes,” 

Pigment Handbook, T. C. Patton, Ed.. John Wiley & Sons, Inc., 
New York, 1973, Ch. II-J, pp. 315-329. 

10. R. P. Redman, “Developments in Polyurethane Elastomers,” 
Developments in Polyurethanes — I, J. M. Buist, Ed., Applied 
Science Publishers, London, 1978, pp. ii-16. 

11. C. S. Schollenberger and K. Dinbergs, “Thermoplastic 
Polyurethane Elastomer Molecular Weight-Property Relations, 
Further Studies,” / Elastom. Plast. 11, 59-91 (1979). 

12. C. G. Seefried, J. V. Koleske, and F. E. Critchfield, 
“Thermoplastic Urethane Elastomers I — Effect of Soft-Segment 
Variations,” J. Appl. Poly. Sci. 19, 2493-2502 (1975). 

13. J. Blackwell and K. H. Gardner. “Structure of the Hard 
Segments in Polyurethane Elastomers,” Polymer 20, 13-17 
(1979). 

14. C. G. Seefried, J. V. Koleske, and F. E. Critchfield, 
“Thermoplastic Urethane Elastomers II — Effect of Variations in 
Hard-Segment Concentration,” J. Appl. Poly. Sci. 19, 2503- 
2513 (1975). 

15. Y. Camberlin, J. P. Pascault. M. Letoffe, and P. Claudy, “Model 
Hard Segments from Diphenyl Methane Diisocyanate and 
Different Chain Extenders, and Corresponding Linear Block 
Polyurethanes,” J. Poly. Sci., Poly. Chem. Ed. 20, 1445-1450 
(1982). 

16. C. M. Brunette, S. L. Hsu, and W. J. MacKnight, “Hydrogen- 
Bonding Properties of Hard-Segment Model Compounds in 
Polyurethane Block Copolymers,” Macromol. 15, 71-77 (1982). 

17. E. F. Cuddihy, “Aging of Magnetic Recording Tape,” IEEE 
Trans. Magnetics MAG-16, 558-568 (1980). 

18. H. N. Bertram and A. Eshel, “Recording Media Archival 
Attributes,” RADC-TR-80-I23, U.S. Air Force Systems 
Command, Griffiss Air Force Base, NY, 1980, pp. 1-111. 

19. H. Hiratsuka, H. Hanafusa, K. Nakamura, and S. Hosokawa, 
“Durability of Magnetic Recording Tape for Mass Memory 
System,” Rev. Elec. Commun. Lab. Jpn. 28, 449-458 (1980). 

20. H. N. Bertram and E. F. Cuddihy, “Kinetics of Humid Aging of 
Magnetic Recording Tape,” IEEE Trans. Magnetics MAG-18, 
993-999 (1982). 


21. C. S. Schollenberger, “Thermoplastic Polyurethane Hydrolysis 
Stability,” J. Elastom. Plast. 3, 28-56(1971). 

22. D. H. Brown, R. E. Lowry, and L. E. Smith, “Kinetics of 
Hydrolytic Aging of Polyester Urethane Elastomers,” Macromol. 
13, 248-252(1980). 

23. D. W. Brown, R. E. Lowry, and L. E. Smith, “Kinetics of the 
Reaction Between Polyester Acid and Carbodiimide in Dry 
Polyester Diols and in a Polyester Polyurethane,” Macromol. 14, 
659-663(1981). 

24. A. F. Wilde, R. W. Matton, J. M. Rogers, and S. E. Wentworth, 
“Effects of Moisture on the High-Speed Impact Response of 
Selected Polyurethane-Polyether Block Copolymers,” J. Appl. 
Poly. Sci. 25, 615-625 (1980). 

25. J. Seto, “Effect of Adsorption on Reinforcement of Eilled 
Polyurethane,” J. Rubber Chem. Technoi. 50, 333-341 (1977). 

26. M. Narkis, “The Elastic Modulus of Particulate-Filled 
Polymers,” J. Appl. Poly. Sci. 22, 2391-2394 (1978). 

27. B. Bhushan, B. S. Sharma, and R. L. Bradshaw, “Friction in 
Magnetic Tapes — Part I: Critical Assessment of Theory,” ASLE 
Trans. 27, 33-34(1984). 

28. B. Bhushan, R. L. Bradshaw, and B. S. Sharma, “Friction in 
Magnetic Tapes — Part II: Role of Physical Properties,” ASLE 
Trans. 27,89-100(1984). 

29. R. L. Bradshaw and B. Bhushan, “Friction in Magnetic Tapes — 
Part III: Role of Chemical Properties,” ASLE Trans. 27, 207- 
219(1984). 

30. W. M. Scantlin and L. M. Clemens, “Polyester-Film Backed 
Magnetic Recording Tape Having Epoxy Subbing Layer,” U.S. 
Patent 4,210,703, 1980. 

31. R. Shirahata, Y. Yamada, and T. Kitamoto, “Recording 
Member Comprising a Substrate with a Magnetic Layer on One 
Surface and a Lubricating Layer on the Opposed Surface.” U.S. 
Patent 3,993,824, 1976. 

Received March 15. 1985; accepted for publication November 
12. 1985 


Richard L. Bradshaw IBM General Products Division, Tucson, 
Arizona 85744. Dr. Bradshaw joined IBM in 1978 at Boulder, 
Colorado, in the Media Development Group. He transferred with 
that group to Tucson, Arizona, in the summer of 1979 and is 
currently an advisory engineer in the Media Technology 
Department, Media Development. Dr. Bradshaw received his B.S. in 
chemistry from the New Mexico Institute of Mining and 
Technology, Socorro, New Mexico, in 1969, and his Ph.D. in 
organic chemistry/polymer chemistry from Arizona State University, 
Tempe, Arizona, in 1978. 


Bharat Bhushan IBM General Products Division, Tucson, 

Arizona 85744. Dr. Bhushan received an M.S. in mechanical 
engineering from Massachusetts Institute of Technology, Cambridge, 
an M.S. in mechanics and a Ph.D. in mechanical engineering from 
the University of Colorado, Boulder, and an M.B.A. from Rensselaer 
Polytechnic Institute, Troy, New York. He is currently the manager 
of the Media Mechanical Process and Analysis Department. 
Previously he worked in the Tribology Center of Mechanical 
Technology Incorporated, Latham, New York, and in the 
Technology Services Division of SKF Industries Inc., King of 


215 


IBM J. RES. DEVELOP. VOL. 30 NO. 2 MARCH 1 986 


R. BRADSHAW ET AL. 


Prussia, Pennsylvania. He is the author of numerous technical 
papers and holds several U.S. patents. He has also received many 
awards, including the 1983 ASME Burt L. Newkirk Award for a 
notable contribution to the field of tribology and an IBM 
Achievement Award in 1983 for outstanding individual 
performance. Dr. Bhushan is a member of the American Society of 
Lubricating Engineers, the American Society of Mechanical 
Engineers, the National Society of Professional Engineers, the New 
York Academy of Science, Sigma XI, and Tau Beta Pi. 


C. H. Kalthpff IBM General Products Division, Tucson, Arizona 
85744. Mr. Kalthoff joined IBM at San Jose, California, in 1962, 
working on the early development of DASD voice coil actuators. He 
transferred to IBM Boulder in 1965 and to Tucson in 1978. While in 
Boulder he changed from device-oriented work to media-process 
work. He is currently a senior engineer in the Advanced Media 
Technology Department. Mr. Kalthoff received his B.S. degree in 
mechanical engineering in 1957 from California State Polytechnic 
University, San Luis Obispo. He holds nine U.S. patents and has 
received an IBM Outstanding Invention Award for tape format for 
the IBM 3850 Mass Storage System. 


Mark Douglas Warne IBM General Products Division, Tucson, 
Arizona 85744. Mr. Wame joined IBM in 1978 at Boulder, 
transferring to Tucson in 1979 with the 3480 media development 
group. He has held various positions in both media manufacturing 
and media development since joining IBM. Mr. Wame received a 
B.S. degree in chemical engineering from Montana State University, 
Bozeman. He is currently a staff engineer in the Tape Product 
Integration Department. 


216 


R. BRADSHAW ET AL. 



